Overrepresentation of 12p-sequences, mostly due to isochromosome formation, is the only consistent chromosomal alteration found in invasive testicular germ cell tumors of adolescents and young adults (TGCTs), both seminomas and the various histological elements of nonseminomas. The biological role of extra 12p in the pathogenesis of this cancer is unclear, and it is also unknown so far, whether it is an early event, i.e., already present in carcinoma in situ, or related to invasive growth. Using comparative genomic hybridization (CGH) with DOP-PCR ampli®ed DNA isolated from micro-dissected tumor cells, and double¯uorescent in situ hybridization (FISH) on frozen tissue sections, we investigated the presence of overrepresentation of 12p sequences in dierent development stages of four seminomas and seven nonseminomas, in total 17 invasive components, in addition to the carcinoma in situ of each. CGH demonstrated relative gain of 12p-sequences in all invasive components except one, con®rmed by FISH in most samples. In contrast, no gain was found in the carcinoma in situ samples by any of the methods. These ®ndings show that overrepresentation of 12p is not an early event in the development of TGCTs, but relates to invasive growth. Oncogene (2000) 19, 5858 ± 5862.
Introduction
Testicular germ cell tumors of adolescent and young adults (TGCTs) are the most frequent cancer in Caucasian young men, and the incidence has doubled during the last decades in several populations (Adami et al., 1994) . Clinically and histologically, TGCTs can be divided into seminomas and nonseminomatousTGCTs (Mosto® and Sesterhen, 1998) . Within the nonseminomas, both somatic and extra-embryonal lineages of dierentiation can be recognized, i.e., embryonal carcinoma (the undierentiated component) and teratoma, and yolk sac tumor and choriocarcinoma, respectively. The initiating event in the pathogenesis of the cancer occurs during intra-uterine development (Moller, 1989) , aecting an early (primordial) germ cell (Jùrgensen et al., 1995) , leading to carcinoma in situ (Skakkebñk et al., 1987) , while the cancers become clinically manifest only after puberty.
A relatively large number of invasive TGCTs has been investigated by¯ow cytometry and karyotyping (Sandberg et al., 1996; Looijenga and Oosterhuis, 1999, for review) . The results indicate that these tumors are consistently aneuploid, and present a consistent pattern of gain and loss of chromosomal material. More recently, these tumors have been studied using comparative genomic hybridization (CGH) (Mostert et al., 1996; Korn et al., 1996; Summersgill et al., 1998; Ottesen et al., 1997; Rosenberg et al., 1999) , and the overall results support the available cytogenetic information. In spite of the characteristic pattern of gains and losses, the only obligatory change found in TGCTs is overrepresentation of the short arm of chromosome 12, associated in over 80% of these tumors with the presence of one or more isochromosomes 12p (i(12p)) (Mostert et al., 1998; Roelofs et al., 2000 for review) . Moreover, extra copies of sequences from the short arm of chromosome 12 has been demonstrated in TGCTs without i(12p) (Rodriguez et al., 1993; Suijkerbuijk et al., 1993) . These ®ndings demonstrate that the short arm of chromosome 12 contains relevant genes of which an additional copy number is crucial for the development of this cancer. Already in 1989 it was shown that aneuploidization precedes i(12p) formation in TGCTs (Geurts van Kessel et al., 1989) , indicating that overrepresentation of 12p is not the initiating event.
Although it is generally accepted that all TGCTs originate from carcinoma in situ, little is known about the chromosomal constitution of this precursor lesion. We previously demonstrated that the total DNA content of carcinoma in situ is similar to that of seminomas (hypertriploid), being signi®cantly higher than that of nonseminomas (hypotriploid) De Graa et al., 1992) . We also reported on two studies on the cytogenetic analysis of metaphase spreads isolated by direct harvesting of carcinoma in situ-containing testicular parenchyma, comprising ®ve cases and a total number of eight metaphases (Vos et al., 1990; Van Echten-Arends et al., 1994) . In two of the cases i(12p) was reported while no i(12p) was seen in the remaining samples. These studies were therefore inconclusive regarding presence of i(12p) in carcinoma in situ, and in particular re¯ect the diculties of karyotyping carcinoma in situ, in which the small amount and poor quality of the metaphases generally prevent both initial detection and subsequent elucidation of chromosome rearrangements.
To circumvent these limitations and access the role of 12p sequences in the development of these tumors, Oncogene (2000) we performed CGH on DOP-PCR ampli®ed DNA isolated from micro-dissected carcinoma in situ cells of 11 unrelated TGCTs, as well as various corresponding invasive histological components, both of seminomas and nonseminomas. The carcinoma in situ, seminoma and embryonal carcinoma cells were identi®ed by their enzymatic alkaline phosphatase reactivity. In addition, double color¯uorescent in situ hybridization (FISH) was performed on parallel tissue sections, using probes speci®c for the centromeric region and short arm of chromosome 12.
Results
In total, 11 unrelated carcinoma in situ samples from four seminomas and seven nonseminomas, in addition to 17 histological samples from the same tumors were investigated by CGH for relative gain of sequences from the short arm of chromosome 12. In addition, FISH was performed on all carcinoma in situ samples, all seminomas, and 11 nonseminomatous elements (from seven tumors) to compare the copy number of 12 to the centromere of chromosome 12. The results of both approaches are summarized in Table 1 , and representative examples of the CGH are shown in Figure 1 . None of the carcinoma in situ samples showed gain of 12p (41.5) by CGH ( Figure 1a , left panel), and accordingly, all showed a balanced ratio between the signals from 12p and the centromeric region by FISH (mean ratio 0.95, n=497, see Figure 1b and Table 1 ), similarly as control tissue. Of two cases (NS 1 and 3, see Table 1 ) FISH was also done on matched touch preparations of the parenchyma, which contained carcinoma in situ cells, as demonstrated by the enzymatic staining for alkaline phosphatase reactivity (not shown). Although aneuploid cells were identi®ed, a balanced ratio between 12p and the centromere was found (see Figure 1b ). An atypical low level (1.2) gain of the complete short arm and part of the long arm of chromosome 12 was detected by CGH in the carcinoma in situ cells adjacent to one of the seminomas (case SE 1), which was previously reported by us . Although this can be due to the presence of subpopulations of carcinoma in situ cells with gain of 12p, this possibility will remain undetected by the FISH protocol applied. This is because gain was found to include the centromeric region, as demonstrated by the CGH pro®le (not shown), in accordance to the balanced ratio detected by FISH (see Table 1 ).
In contrast with the data on the carcinoma in situ cells, all but one of the invasive components showed gain of 12p by CGH (see Figure 1a , right panel). This was con®rmed by FISH in the majority of cases both of seminoma and nonseminoma (see Table 1 ). A signi®cant higher copy number of 12p compared to the centromere was found in all individual seminomas (mean ratio of 1.24), and all minus one individual embryonal carcinomas (mean ratio of 1.31). One lacked gain of 12p (case 5), which is most likely due to the limited number of nuclei scored (n=13). Because of the limited number of FISH data on the yolk sac tumor component (case 7 had 13 nuclei counted), no conclusion can be drawn regarding this histological component based on this technique, however, both yolk sac tumor elements studied by CGH showed gain.
While six out of seven teratomatous elements (of six tumors) showed gain of 12p by CGH (see Figure 1a , right panel), FISH detected a signi®cant increase in only two out of the six studied. The quality of the teratoma component of case NS 4 was found to be inappropriate for FISH analysis, which might also explain the lack of gain of 12p as detected by CGH. When all teratomatous elements are studied in total, a signi®cant increase in 12p versus the centromeric region was found (mean ratio of 1.22).
Discussion
Relative gain of the short arm of chromosome 12 has been found to be the only characteristic chromosomal anomaly of TGCTs (Sandberg et al., 1996; Looijenga and Oosterhuis, 1999, for review) . In up to 80% of the cases, this is due to the formation of isochromosomes (i(12p)). The 20% i(12p)-negative TGCTs also show extra copies of 12p (Rodriguez et al., 1993 ; Suijker- buijk et al., 1993) . This phenomenon is in accordance to our CGH results on the invasive tumor components investigated in this study: all but one of the 17 invasive elements, both seminomas and nonseminomas, showed overrepresentation of 12p-sequences by GCH. The one case which did not show gain is likely due to insucient quality of the material analysed. The ®nding of relative gain of 12p was supported by FISH, using both a probe for the short of chromosome 12 and a probe speci®c for the centromeric region of this chromosome. In case of cells with a triploid DNA content, which is the mean ploidy for TGCTs , i.e., containing for example two normal chromosomes 12 and one i(12p), the expected ratio is 1.25. In case of two i(12p)s, this ratio will be 1.4. In total, the mean ratio found for all seminomas is 1.24, for embryonal carcinoma 1.31, and for teratoma 1.22. The mean ratio for all nonseminomatous components together is 1.25. The reason for the absence of gain of 12p detectable by FISH in most individually teratomatous elements is unexplained so far, and warrants further analysis. It is however of interest to note that residual mature teratomas have on average a slightly lower copy number of 12p per nucleus (van Echten et al., 1997) .
None of the carcinoma in situ samples investigated in this study showed additional copies of 12p, either using CGH or FISH. In the protocol applied, identi®cation of the carcinoma in situ cells was facilitated by the enzymatic staining for alkaline phosphatase reactivity, thereby preventing major contamination with host cells both in the process of micro-dissection, as well in the scoring of FISH results. Besides this study, two investigations of chromosomal constitution of carcinoma in situ in testicular parenchyma adjacent to an invasive TGCT have been reported (Vos et al., 1990; Van Echten-Arends et al., 1994) , comprising a total of eight metaphases analysed from ®ve unrelated samples. Two of the cases showed the presence of i(12p). These studies were signi®cantly hampered by the possible presence of micro-invasive tumor cells in the samples under investigation. The ®nding of absence of gain of 12p in carcinoma in situ is in accordance to results showing no i(12p), although aneuploidy was found, in testicular parenchyma of a patient with a complete testicular feminization syndrome, two with an incomplete form, Figure 1 Representative examples of comparative genomic hybridization using DOP-ampli®ed DNA isolated from micro-dissected carcinoma in situ cells (CIS) (left panel), and dierent histological elements of a nonseminoma (case NS 1, Table 1 : EC=embryonal carcinoma, TE=teratoma, YS=yolk sac tumor (left panel)); (b) Representative example of double¯uorescent in situ hybridization of a frozen tissue section containing carcinoma in situ cells of case NS 1 (see Table 1 ), identi®ed by staining for direct alkaline phosphatase reactivity (not shown). Note the presence of aneuploid nuclei (three signals) within the seminiferous tubule (the basal membrane show green background staining) with a balanced ratio between the short arm of chromosome 12 (green signal) and the corresponding centromere (red signal); (c) Representative example of the double¯uorescent in situ hybridization with the same probes as indicated under (b) but now on a touch preparation of testicular parenchyma containing carcinoma in situ of the same case as shown under (b). Note again the aneuploidy and a balanced ratio between the green and red signals 12p and testicular germ cell tumors C Rosenberg et al and one with Swyers's syndrome, pathological conditions known for an increased risk for TGCTs (Vorechynovsky and Mazanec, 1989) . This ®nding is also in agreement with data of a previous study (Geurts van Kessel et al., 1989) , showing that i(12p)-formation is not the primary event in the development of TGCTs; it is at least preceded by aneuploidization. In spite of the fact that i(12p) was associated to TGCTs already in 1982 (Atkin and Baker, 1982) , the biological role of overrepresentation of 12p-sequences remains unclear. However, recent data might give a clue regarding the role of extra copies of 12p in the pathogenesis of TGCTs. In fact, we and others reported on the presence of high level ampli®cation of a restricted region of 12p, cytogenetically 12p11.2 ± p12.1, in primary TGCTs (Korn et al., 1996; Mostert et al., 1998) . Initially this restricted ampli®cation was found in a metastatic seminoma (Suijkerbuijk et al., 1994) . We found that the restricted 12p-ampli®cation is predominantly present in TGCTs without i(12p), and it is related to invasive growth (Mostert et al., 1998; Roelofs et al., 2000) , i.e., it was not found in carcinoma in situ cells, although it was present in micro-invasive seminoma and invasive tumor cells. Moreover, the seminomas containing the restricted 12p-ampli®cation in all tumor cells showed virtually no apoptosis, an enhanced in vitro survival, and a signi®cant younger age at clinical diagnosis. These data suggest that extra copies of the short arm of chromosome 12 is relevant to suppress apoptosis of the tumor cells outside the speci®c micro-environment of their precursor cells (carcinoma in situ), which are in close contact to Sertoli cells (Gondos, 1993) . This model would predict no gains of 12p-sequences in carcinoma in situ, as we found to be true in this study.
Our data indicates that gain of 12p-sequences in TGCTs is required for invasive growth. It remains to be established when during the development of TGCTs gain of 12p occurs, for which the intratubular seminoma-or embryonal carcinoma might be interesting candidates . These data are of relevance in understanding the mechanisms involved in the pathogenesis of TGCTs, and to develop a proper model system for TGCTs, which is not available so far.
Materials and methods

Samples
The freshly obtained tumor samples included in this study were collected in collaboration with urologists and pathologists in the south-western part of The Netherlands. All tumors were obtained prior to chemotherapy and/or irradiation. Directly after surgical removal, representative parts of the tumor and adjacent parenchyma were snap frozen and other pieces were ®xed overnight in 10% buered formalin and embedded in paran. In addition, touch preparations were made of some of them, ®xed with aceton for 5 min, and stored at 7808C till use. The tumors were diagnosed according to the World Health Organization (WHO) classi®cation for testicular tumors (Mosto® and Sesterhenn, 1998) . Identi®cation of carcinoma in situ, seminoma and embryonal carcinoma was aided by a direct enzyme-histochemical detection of alkaline phosphatase reactivity on representative frozen tissue sections, as reported before (Mosselman et al., 1996) .
Microdissection and DNA amplification
Tissue sections of 20 mm thickness of the frozen samples were cut and stained for enzymatic alkaline phosphatase reactivity (see above), and air dried. In addition, in the nonseminoma cases, a parallel tissue section of 4 mm thickness was stained with hematoxylin for additional histological control. The cells of interest were identi®ed using an inverted microscope (Axiovert 10, Carl Zeiss Jena, German) and micro-dissected with a self-made glass capillary piece as described before . Brie¯y, the tissue sections were directly put into a reaction vessel, and dissolved in TNE (10 mM Tris, 400 mM NaCl, 2 mM EDTA pH 8.2). Proteinase K (10 mg/ml) and SDS (10%) were added, and incubation was done overnight at 378C. Subsequently, DNA was extracted with phenol/chloroform/isoamylalcohol (25:24:1) (Merck) and precipitation was performed with glycogen (10 mg/ml) (Boehringer) as carrier. Pellets were dissolved in TE (Tris 10 mM, EDTA 0.1 mM, pH 8.0). The DNA concentration was estimated by comparing to a series of DNA with known concentration in agarose gel electrophoresis.
Eight to 25 ng of DNA from each micro-dissected sample and from a normal male were ampli®ed by DOP ± PCR as described before and used for CGH (Telenius et al., 1992; Looijenga et al., 2000) .
Comparative genomic hybridization (CGH)
For CGH, metaphase spreads from phytohemagglutininstimulated peripheral blood lymphocyte cultures of a healthy male were prepared using standard procedures. PCR products from the tumor samples were labeled with¯uorescein-12-dUTP and from the normal male with lissamine-5-dUTP (both NEN life Sciences Products) by standard nick-translation. The CGH procedure and analysis was performed as reported previously . The data were analysed using Quips XL software from Vysis (Downers Grove, IL, USA). The performance of the DOP ± PCR associated to CGH approach was checked by performing CGH on normal male and female control DNAs ampli®ed with the same procedure. In total, seven independent experiments were performed, and all showed a balanced pro®le for the autosomes. The sex chromosomes showed the expected imbalances in gender-mismatched hybridizations. In addition, a comparison between CGH experiments with DNA ampli®ed or not by DOP ± PCR on an osteosarcoma of a patient with Rothmund ± Thomson syndrome was performed. From the 20 imbalances found in the genomic DNA, 18 were found after ampli®cation (two false negatives). No aberrations were detected only in the DOP-PCR ampli®ed sample (no false positives). In the present study at least seven metaphases were studied for each case. We considered that sequences on the short arm of chromosome 12 were gained when their average and its 95% con®dence interval were above 1.5.
Double fluorescent in situ hybridization (FISH)
Frozen tissue sections of 4 mm thickness containing invasive tumor and/or carcinoma in situ were cut and air-dried overnight at 378C on microscope slides treated with APES. In addition, one parallel section (4 mm thickness) was stained with hematoxylin and eosin, and the other for alkaline phosphatase reactivity (see above) for histological examination. Four normal unrelated testicular parenchyma samples were studied as control. The slides were dehydrated in an increasing ethanol series (70, 80, 90 and 100%) and air-dried. Subsequently, the tissue sections underwent protein digestion 0.0005% pepsin (Sigma) in 0.01 M HCl in water, 1 min at 378C, followed by a wash step (PBS, 5 min) and dehydration. Hybridization was performed as described before (Mostert et al., 1998) . A cosmid speci®c for K-RAS was used as a probe for the short arm of chromosome 12, as reported before (Mostert et al., 1998) , and pa12H8 as probe speci®c for the centromeric region of chromosome 12 (Looijenga et al., 1990) . The K-RAS cosmid was labeled with digoxigenin-11-dUTP, and visualized using FITC conjugated sheep-antidigoxigenin (Boehringer). The centromere speci®c probe was directly labeled with lissamine-dUTP. Visualization was done with a Zeiss Axioskop epi¯uorescence microscope (Carl Zeiss Jena, Germany) with a Pinkel ®lter in combination with a triple band-pass ®lter, which enabled the observation of FITC, lissamine and DAPI. The number of green and red signals per nucleus were scored, and approximately 50 nuclei were scored per histological component (both controls and tumors). Gain of 12p sequences was evaluated on the basis of green/red copy number, and compared to the normal controls, which showed a ratio between the centromeric region and 12p of 0.92 (see Table 1 ). This ratio is a little less than the expected 1.0 for control tissue, containing two normal chromosomes 12, which is most likely explained by the fact that the K-RAS speci®c probe is signi®cantly smaller in size than the repetitive alphoid block recognized by the pa12H8 probe. The smaller signals can be more easily missed because only parts of nuclei are available in the tissue sections used. Despite this limitation, this approach is informative to answer the question regarding the presence of relative gain of 12p-sequences.
Statistical analysis
The results of the FISH analysis were studied regarding dierences between the copy numbers of the short arm of chromosome 12 and the centromere using the paired Student's t-test.
